A conserved property of retrovlral proviruses is the presence of a direct repeat in the host DNA immediately flanking the viral sequence; each virus generates a repeat with a characteristic length. By sequencing the viral/host DNA junctions from five HIV-1 proviral clones, we have confirmed that integration of HIV results in the generation of a five basepalr direct repeat. A target sequence in uninfected host DNA was analyzed to establish that the five basepair sequence flanking the provirus was present only once prior to integration. Of the five proviruses examined, two were found to have integrated in known repetitive sequence elements of the human genome; one in a Line-1 element and a second in satellite DNA.
INTRODUCTION
Integration of a DNA copy of the viral genome within a chromosome of the host appears to be an essential step in the life cycle of the human immunodeficiency virus (HIV; 1) as it is for other retroviruses. The integration event occurs early in the viral life cycle, following cellular entry and viral DNA synthesis. The reaction is thought to be mediated by viral factors contained within a nucleoprotein complex derived from the extracellular particle (2, 3) . This complex migrates to the nucleus where the integration event takes place. The provirus, which is thereafter a stable component of the host genome, is transcribed to produce both genomic RNA molecules and mRNA's encoding viral proteins.
Restriction enzyme and DNA sequencing analyses have defined several structural characteristics shared by all retroviral proviruses (see 4 for review). The provirus is bounded by long terminal repeats (LTR's) and is colinear with unintegrated viral DNA. The proviral/host DNA boundary always occurs at the ends of the LTR's. For most retroviruses, two basepairs present at each end of the unintegrated DNA are lost on integration. HIV is a possible exception to this rule; inspection of the viral sequence at the primer binding site suggests that a single basepair might be trimmed from the LTR termini (5). Many sites within the host genome can serve as targets for integration, although there is some evidence for preferred sites (6); integrated proviruses are often associated with transcribed regions (7) and DNase Ihypersensitive sites within chromatin (8, 9) . Finally, integration generates short tandem repeats of host DNA immediately flanking the provirus; the length of the duplicated sequence is characteristic of each virus.
The length of the flanking repeat and properties of the target site have important implications for the mechanism of integration. For HTV, the length of the repeat has not been established. Separate reports of single proviruses describe a repeat of five (10) or seven basepairs (11) ; in the latter case, a repeat of four basepairs is also consistent with the observed sequence.
By obtaining sequence data from four additional HTV-1 proviruses, we have been able to confirm that the length of the direct repeat is five basepairs. HXB-2, an HTV-l niB proviral clone that had been characterized previously (11) , was reanalyzed and found to conform to the five basepair rule. In addition, analysis of one target region established that the five basepair repeat is present only once prior to integration. Of the five proviruses studied, two were found to have integrated within repetitive sequence elements found in the human genome; the first (HTV-1SF2) within a Line-1 element (12) and the second (HTV-1 SFI7O ) within satellite DNA (13) .
METHODS

Clones used
The HTV-1 SF2 (14). isolate has been described previously HTV-1 SF33 (15), HTV-lspi^, and SF170 proviral clones were obtained in a similar manner; genomic DNA from infected Hut78 cells was partially digested with EcoRI, size-selected, and inserted into an EMBL-4 bacteriophage X vector. For SF33 and SF162, subclones containing approximately half of each viral genome were generated by cleavage at an internal EcoRI site and ligation into a pUC19 vector (15) . XHXB-2, a molecular clone of HrV-l IIIfl (16) was obtained through the NIAID AIDS Research and Reference Reagent Program.
DNA Sequencing
Plasmid DNA for sequencing was isolated by a modification of the Birnboim and Doly (17) procedure and further purified by passage over a mini anion-exchange column (Quiagen). The HrV-l SF | TO and XHXB-2 DNA's were sequenced directly from the X clones. For SF170, 14 kb and 6.4 kb Kpnl fragments were isolated that contained the right and left viral/host junctions, respectively. A 22 kb Xhol fragment contained the right junction of XHXB-2 while the left junction was found within a 6.5 kb Narl fragment. These were purified by electroelution from agarose.
Oligonucleotides used for sequencing were 17 mers complementary to the U3 (5'-AGGGAAGTAGCCTTGTG-3') and U5 (5'-CTAGAGATCCCTCAGAC-3') regions of the LTR. For HXB-2, an oligonucleotide complementary to host DNA flanking the right LTR (5'-GTCAAGGCCTCTCACT-C-3') was also used.
Double-stranded DNA's (both supercoiled plasmid and linear X fragments) were sequenced by the dideoxy method using a modified T7 polymerase (Sequenase version 2.0, U.S. Biochemicals). Sequencing reactions were carried out according to manufacturers specification except the labelling mix was diluted 1: 3 and the termination reactions were allowed to proceed for 30 min.
Searches of GenBank were performed using the GCG sequence analysis software package (18) .
Polymerase Chain Reaction
The polymerase chain reaction (PCR; 19) was performed with two primers (5'-TCTAGATCTTTCCTGCTTTC-3'; 5'-GAA-TTCAGGATTAAGAAACT-3') complementary to host sequences flanking the HIV-1 SF2 integration site. These amplified a DNA fragment 242 bp long using as template genomic DNA isolated from Hut78 cells, an established human T-cell line (14) . In addition to the template DNA, the reaction included 100 pmol of each primer in the presence of 50mM KC1, lOmM TrisCl (pH8.3), 1 mM MgCl 2 , 0.01% gelatin, 200/tM each dNTP and 2.5 U Taq polymerase (Perkin-Elmer Cetus) in a total volume of 100 /J. The denaturation, annealing, and polymerization steps were performed at 94°C (1 min), 50°C (2 min) and 72°C (3 min), respectively. The reactions were allowed to proceed through thirty cycles.
The product of the PCR reaction was gel-purified and kinased (20) . The DNA was then ligated to pUC19 that had been cleaved with Hindi and treated with calf intestinal phosphatase (Boehringer Mannheim). These clones were sequenced as described above.
RESULTS
The two existing reports in the literature (10,11) differ as to the length of the direct repeat in host DNA flanking the HTV provirus. Figure \ , part A lists the host/viral junction sequences of the four additional HTV-1 proviral clones analyzed here. 70-200 basepairs of flanking DNA was sequenced on each side of the proviruses. In each case, integration of HTV formed a direct repeat of five basepairs in the host DNA. Though the host sequence at the junction differs for each clone, the viral sequence is constant. Part B of Figure 1 shows the junction region of the HXB-2 clone and compares it to the previously-reported sequence (11) . A single G residue, immediately 3' to the right LTR, is missing from the published version. This result was confirmed by analyzing both strands of the DNA in this region. With the restitution of the omitted G, HXB-2, which was formerly reported to show a seven basepair duplication, now conforms to the five basepair rule established by the other proviruses. The host sequences show no obvious homology to each other or to the LTR termini.
Using the host flanking sequence determined in the experiments above, primers were designed to amplify the H3V-1 SF2 target site by PCR. DNA from Hut78 cells was used as the template for the amplification reaction because the HTV-1 proviral clones were isolated originally from this cell line. Surprisingly, each of the eleven clones analyzed had a unique sequence. A search of the GenBank database revealed the cause of the unexpected sequence heterogeneity. The HTV-1 SR provirus integration site is 94% identical to a Line-1 (LI) element sequence (12) . The different products of the PCR reaction, therefore, result from amplification of the family of LI elements that reside in the human genome. A consensus sequence of the PCR products is compared to the sequence of the HTV-1 SF2 host/viral junction in Figure 2 .
Although it is impossible to make an unambiguous comparison of the target site prior to and following integration due to the observed heterogeneity, this experiment does establish that the five basepair sequence, GAAGG, is present only once in the target DNA prior to integration of the HTV provirus. Furthermore, no gross rearrangement of host DNA proximal to the integration site was observed.
To determine if any of the remaining HTV-1 provimses had integrated into previously-characterized regions of the human genome, an additional search of GenBank was performed. A portion (111bp) of the HrV-l SF170 proviral flanking sequence shows 82% identity with a region of human satellite DNA (13) .
DISCUSSION
The HTV-1 provirus, like all other retroviral proviruses (4) , is flanked by a short direct repeat of host DNA. The length of this duplication has been reported to be either five (10) or seven (11) basepairs. We have determined the sequence of four additional HIV-1 proviral/host junctions and all were found to contain a direct repeat of five basepairs. Correction of an error in the Starcich etal. (11) sequence altered the length of the repeat from seven to five basepairs.
As has been documented in a similar analysis of an RSV integration site (21) , the five basepair sequence is present only once in DNA isolated from uninfected cells. Generation of the repeat is therefore a consequence of the integration event. In a model for retroviral integration (2, 22 23) , joining of the viral DNA ends to the host DNA is energetically coupled to staggered cleavage of DNA at the target site. During this reaction, the 3' ends of the viral DNA are linked to the corresponding 5' ends of the target DNA. Repair of the resulting heteroduplex generates the flanking repeat. The length of the duplication is specific for each retrovirus, suggesting the involvement of a virally-encoded factor in the target DNA cleavage reaction.
As with previous analyses of retroviral integration sites, (21, 24, 25, 26) no consistent features were shared by the host sequences flanking the HTV-1 provirus. This result indicates that, for HTV-1 as well, integration can occur at many sites in the genome. The analysis of so few proviral/host junctions, of course, does not rule out the existence of preferred sites, as have been described for integration of RSV (6) . Furthermore, the target sequences show no homology to the viral DNA, implying that the integration reaction probably does not involve homologous recombination. The lack of specificity suggests that the choice of an integration site depends not on primary sequence, but on other characteristics of the target. This hypothesis is supported by the observation that integrated proviruses are commonly found associated with DNase I hypersensitive sites and/or transcribed regions of the chromosome (7, 8, 9) .
The host sequences flanking the HIV-1 SF2 provirus show extensive homology to the LI family of repetitive sequence elements. The integration site is located within the second open reading frame of the LI element. The amount of sequence difference observed between the integration site and the published LI sequences is consistent with the average level of divergence observed among LI elements in a single mammalian genome (7%; 27). Also consistent with this degree of variation, the eleven host target region clones differ by an average of 5.2% from the consensus. Though these sequences are transcriptionally active (12) , integration of a provirus within one member of the LI family may simply reflect the abundance of these elements in the human genome (approximately lO^-lO 3 per genome; 28).
In conclusion, we have confirmed that the length of the direct repeat in host DNA flanking the HIV provirus is five basepairs. A duplication of the same length is obtained in vitro when HTV DNA from an infected cell extract is reacted with an exogenous target (29) . These results form a framework for the biochemical analysis of the integration reaction and may eventually lead to an understanding of how the HTV integration apparatus recognizes target DNA.
